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ATMOSPHERIC  MOISTURE  PARAMETERIZATION 


SECTION  A  —  LIQUID  WATER  CONTENT 


1.  Introduction. 

A  nuabar  of  atudiaa  processed  recently  hava  required  to  aoaa  degree 
ths  spaolfloatlon  of  tha  configuration  of  moisture  in  tha  atmospha.**. 

This  configuration  ha*  an  lap  act  in  many  area*  of  which  alactroaatnatic 
attenuation,  clear  lino  of  light,  dynamic  loading,  and  Icing  arc  Just  a 
few.  Based  on  this  motivation  several  investigations  have  been  siade  into 
the  manner  In  which  moisture  is  portrayed  in  meteorological  considera¬ 
tions  . 

Condensed  moisture  in  the  atmosphere  is  described  by  two  parameters,  liquid 
water  content  (LVC)  and  drop-size  distribution.  Liquid  water  content  refers  to 
the  magnitude  of  liquid  water  In  a  particular  volume  of  air,whereas  drop-sice 
distribution  indicates  tha  spatial  distribution  by  drop  sic#  of  the  LWC  of  that 
volume.  At  this  point  It  should  be  stressed  that  any  reference  to  LWC  in  this 
report  includes  both  liquid  and  solid  forms  of  moisture.  Measurements  of  LWC 
of  the  solid  Term  refer  to  the  equivalent  liquid  content,  unless  otherwise 
specified. 

A  number  of  pertinent  factors  are  involved  in  the  distribution  of  liquid 
water  within  the  atmospherej  therefore,  a  discussion  of  these  specific  factors 
is  essential  if  ons  1b  to  arrive  at  a  method  for  determining  this  distribution. 

2.  Magnitude  of  Liquid  Water  Content. 

The  important  factors  controlling  the  magnitude  of  the  liquid  water  content 
are  as  follows: 

a.  Weight .  In  the  vapor  state,  water  behaves  as  a  constituent  of  the  elr; 
however,  when  the  water  vapor  condenses  Into  its  liquid  or  solid  form,  it  pre¬ 
cipitates  out  readily  because  of  the  large  (25,000  times)  increase  In  density 
compared  to  other  air  molecules.  The  rate  of  precipitation  of  liquid  or  solid 
water  la  dependent  upon  the  magnitude  of  the  liquid  water  content. 

b.  Condensation.  The  amount  of  water  that  can  condense  out  of  a  parcel  of 
air  depends  upon  the  amount  of  water  vapor  in  the  parcel  and  the  reduction  of 
pressure  and  temperature  undergone  by  the  parcel.  The  amount  of  water  obtain¬ 
able  from  a  parcel  by  this  process  is  termed  the  adiabatic  LWC.  Although  this 
process  can  be  used  to  determine  the  amount  of  water  available  in  a  parcel  of 
air.  It  cannot  be  used  to  determine  the  distribution  of  LWC  in  a  parcel  because 
of  the  movement  of  the  water  after  condensation.  Ackerman  [1]  and  Warner  and 
Squires  [21]  have  discussed  this  process  > ho roughly  in  reviewing  the  factors 
involved  in  LWC  determination. 
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c.  Vertical  Motion.  The  effects  of  vertical  Motion  on  liquid -water  distri¬ 
bution  must  be  considered  from  two  viewpoints.  The  first  concern  is  the  fall 
velocity  of  the  droplets  and  the  second  is  the  vertical  notion  of  the  air. 

The  fall  velocity  of  the  droplets  depends  on  the  effect  of  gravity  and  the 
density  of  the  air.  The  Smithsonian  Meteorological  Tables  (15}  show  that  the 
terminal  velocity  varies  from  27  <.  ■  ‘.lik. t— ~  yc>.  second  for  a  droplet  with  * 
radius  of  50  micrometers  to  9  meters  per  second  for  a  droplet  with  a  radius  of 
2500  micrometers,  ’nils  fall  velocity  is  a  function  of  the  radius  of  the  drop¬ 
let  and  the  aerodynamic  drag.  These  velocities  are  graphically  shown  in  Fig¬ 
ure  1,  after  Byers  (33* 


UtM.lt 


Figure  1.  Terminal  Velocity  of  Spheres 
hadlt  in  Two  Different  Size  Ranges  [3]. 

Droplets  with  radii  less  than  50 
micrometers  obey  Stokes'  Law  because 
the  viscous  forces  are  more  signifi¬ 
cant  than  aerodynamic  drag  at  these 
small  radii.  On  the  other  hand, 
very  large  droplets  are  subject  to 
aerodynamic  Instability  which  causes 
them  to  break  up  into  smaller  drop¬ 
lets. 

The  effect  of  fall  velocity  of 
the  drops  and  vertical  air  motion  is 
shown  in  Figure  2  (from  Kessler  and 
Raumgamer  [11])  by  indicating  the 
amount  of  LWC  that  can  accumulate  in 
a  clou*  created  by  a  known  mean  ver¬ 
tical  motion,  ''lie  values  In  the 
figure  are  related  to  the  entrainment 


of  Unit  Density  as  a  Function  of  Their 


Figure  2.  Average  Liquid  Water  Con¬ 
tent  in  a  Vertical  Column  10  Km  High, 
in  Relation  to  the  Maximum  Vertical 
Air  speed  and  Mixing  Rate  Kc.  The  dia¬ 
gram  applies  to  steady  state  conditions 
in  saturated  model  updraft  columns  in 
saturated  environments  [11]. 
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Table  1.  Frequency  of  liquid  Water  Con t ant  In  Cloud* 
a*  Function  of  Teapereture  {%) 


of  unaaturated  air  Into  the  cloud. 

Although  vertical  notion  can  be  used  to  obtain  a  reasonable  approximation  of 
LWC,  vertical  notion  1*  one  of  the  more  difficult  measurement*  to  obtain  beoauae 
of  dynamic  considerations. 

d.  IgflEitatuse.  Since  the  amount  of  water  vapor  in  a  parcel  is  related  to 
the  temperature  of  the  parcel,  temperature  measurements  can  provide  an  indication 
of  the  magnitude  of  IMC  in  a  parcel.  Tablee  1,  2,  and  3  (Khrgiart  [18] )  ehow  the 
percentage  occurrences  of  amounts  of  liquid  water  found  at  various  temperature 
intervale  within  clouds.  Tablee  2  and  3  refer  to  specific  cloud  types. 

Unfortunately*  the  uee  of  teaperature  measurements  alone  is  not  enough  to 
obtain  tha  magnitude  and  distribution  of  wo,  because  it  cannot  take  into  ec~ 
count  the  other  processes  involved  in  the  formation  of  liquid  water.  For  example, 
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Table  2,  Frequenoy  of  Liquid  Water  Content  In  f»,  at,  and  An 
Cloud ■  aa  fuoatlon  of  Teaparatur*  («l) 


Interval  of  Taaparatura  (In  dajrrueij) 


Water  Content 
g/oB"5 

e 

°.5*? 

w 

r\i 

1 

-20.G 

to 

1  -35.1 

£$8 

1 

-10.0 

to 

-05.1 

-C5.0 

5.. 

cr 

S'J 

0 

a 

O 

0s 

a 

——Or 

O  4»  + 

s 

• 

a 

°.5  + 

ri 

<  0,0? 

29.3 

23.6 

16.1 

10.6 

6.0 

4.6 

4.2 

5.7 

0.0?  -  0.1O 

.-29,3 

_3L° 

30.3 

26.4 

IT.  4 

13.7 

12.2 

o,n  -  0.15 

ns.  3 

2t4 

11.4 

18.7 

13.4 

11.8 

9.4 

20.0 

0.16  -  o.?o 

3!  5 

?.Q 

1276 

14.6 

14,5 

U.9 

10.6 

18.9 

20.0 

0.21  -  0.25 

3.4 

7.5 

5.3 

10.6 

10.4 

?• 7 

11.8 

14.1 

.13133 

0.26  -  0.10 

5.3 

5.7 

5.9 

7.2 

7-3 

8.2 

9.2 

8.5 

13.33 

0.31  -  0.35 

1.7 

3.4 

3.3 

6.0 

6.0 

7.2 

6.5 

6.6 

0.3'  -  0.40 

1.7 

0.6 

5.8 

3.8 

3.7 

4.8 

7.2 

6*0 

0.41  -  0,4? 

0.6 

1.4 

2.8 

3.0 

3.7 

4.2 

5.7 

13,33 

0.46  -  0.50 

0.6 

0.7 

1.7 

1.9 

3.a 

2.0 

5.8 

20.0 

0.51  -  0.55 

0.3 

i.a 

1.9 

2.5 

2.9 

0.9 

0.56  -  0.60 

0.7 

0.2 

1.7 

2.3 

1.6 

1.9 

0.61  -  0.45 

0.1 

0.6 

1.0 

1.2 

2.6 

0.66  -  0.70 

0.1 

0.5 

0.5 

0.9 

2.0 

0.71  -  0.75 

0.2 

0.6 

2.3 

1.0 

0.76  -  0.8" 

0.09 

0.0 

1.1 

1.3 

0.9 

0.»1  -  0,8'- 

0.09 

0.67 

1.5 

1.0 

0.84  -  0.^0 

0.13 

0.15 

1.3 

0.9 

0.91  -  0.95 

0.1 

0.19 

0.3 

0.96  -  1.00 

0.1 

0.09 

0.2 

0.3 

0.6 

1.01  -  1.05 

0.07 

0.6 

0.6 

0.9 

1.06  -  1.10 

0.3 

1.11  -  1.1? 

0.6 

0.33 

1.1'  -  1.20 

0.07 

0.3 

0.9 

1.26  -  1.30 

0.33 

1.51  -  1.55 

0.07 

0.15 

1.56  -  1.60 

0.33 

>  1.60 

0.5 

1.0 

a 

Ho.  of  Caewt 

— 2L.w 

174 

1240 

1.484 

-J>42„ 

306 

_ 15_ 

the  displacement  or  the  parcel  In  t.ime  Is  not  considered*  therefore,  the  dagroe 
of  supersaturation  and  resulting  condensation  cannot  be  inferred.  Likewise,  the 
velocity  of  the  liquid  water  from  the  point  of  condensation  is  not  considered. 
Even  with  Its  limitations,  however,  temperature  measurements  can  be  very  useful 
for  some  work. 

3.  Evaluation  of  Available  Data. 

An  extensive  review  of  piiur  work  in  the  area  of  liquid  water  content  pro¬ 
duced  a  great  amount  of  information  but  no  concrete  method  for  LWC  specifica¬ 
tion.  The  majority  of  the  work  done  in  LWC  measurements  are  isolated  studies 
of  particular  types  of  cloudB  or  measurements  with  a  specific  objective. 

Warns''  [28]  and  Warner  and  Squires  [21]  advocate  the  specification  of  the 
LWC  of  oumullfora  clouds  aa  a  percent  of  the  adiabatic  LWC  varying  with  height. 
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T»l'l«3  ,  Frequently  o t  Liquid  Water  Content  In  Ha  and  A*  Clouds 
iw  Function  of  Temperature  {%) 


This  process  produce!  results  which  fit  reasonably  well  the  profiles  obiierved  in 
tour  different  cumulus  clouds  as  shown  in  Figure  3,  after  Warner  [22] .  The  var¬ 
iation  of  LWC  with  height  is  well  defined  by  this  process. 

A  number  of  researchers,  notably  Chang  and  Willand  [6],  Khrgian  [12],  and 
Maaon  (17]»  have  developed  tables  which  specify  average  values  for  various  cloud 
types.  The  table  from  Chang  and  Willand  [6]  is  reproduced  as  Table  4.  These 
tables  aro  sufficient  for  differentiating  LWC  from  one  cloud  type  to  another  but 
not  for  specifying  the  magnitude  of  LWC  for  clouds  under  varying  atmospheric 
conditions. 

In  an  effort  to  establish  some  gensral  criteria  for  estimating  LWC  from  var¬ 
ious  atmospheric  parameters,  the  data  from  a  number  of  reports  were  combined  and 
evaluated,  information  from  papers  by  Warner  [20]„  Ryan  [18],  MacReady  and 
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figure  3a,  Variation  of  P**k  Uatar  Contant  with  Haight.  f>?] 


maun  U/W^ 

Mgur««  3b.  Main  Hatlo  W/W#  versus  Haight  above  Base.  [22] 

Takeuchi  [16],  Knollenberg  [13],  Squires  [19],  Mason  [17],  Weickmann  and  aufm 
Kampe  [24],  Kunkel  [14],  and  Cannon  and  Sartor  [5]  was  collectively  processed  to 
look  at  various  relationships.  Comparison  of  variations  of  LWC  with  height, 
with  height  r.bove  cloud  base,  with  average  droplet  slue,  and  with  tenqperature 
were  made  for  specific  cloud  types.  Other  than  the  general  variations  of  LWC 
with  height  in  cumulus  clouds,  no  significant  generalizations  could  be  drawn 
from  this  material.  The  variation  of  the  equipment,  measurement  techniques, 
and  processing  of  the  data  between  the  various  researchers  Is  most  likely  the 
reason  for  the  resulting  inconsistencies  found  in  the  combined  data. 
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Table  4.  toads  of  Cloud  Parameters  (6). 


C’lotul  ‘1  >  pi? 

Hau¬ 

lm) 

Tup 

(ml 

M.uIhI 
HjuIIuh 
Inn,  (p  | 

1  mug  1 1  y  hi  1  iqul'l 

W,tl  1  r  ( .u.ilv-nt 
(li/m  5 ) 

501) 

] ,  non 

10.  0 

1),  M) 

Cuimilxis 

1 ,  non 

1 , 500 

1  0.  0 

1 .  on 

1 ,  son 

noo 

1 II.  0 

0.  HO 

Stratocuiiiului’ 

500 

1 . 000 

1  0,  0 

0.  Ait 

Stratus 

150 

1 ,  non 
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Since  the  only  statistically  significant  relationship  between  LWC  and  at- 
mnapheric  parameters  were  the  relationship  relative  to  temperature  aa  reported 
by  Khrglan  [12],  this  factor,  in  association  with  the  variation  or  LWC  with 
cloud  type  and  with  height  above  the  cloud  base,  was  used  by  I'eddes  [0]  to  infer 
LWC  at  a  point  in  the  atmosphere,  Tabl<-  5  and  Figure  4  represent  the  techniques 
developed  for  Feddos'  Btudy.  The  maximum  LWC  is  defined  by  the  cloud  type  and 
temperature  using  the  valueB  from  Table  5,  The  LWC  for  the  point  under  consid¬ 
eration  is  found  by  determining  tho  percentage  of  LWC  based  on  the  height  above 
the  cloud  base  (and  whother  it  is  currently  precipitating)  from  curves  similar 
to  Figure  4  for  each  cloud  type.  Note  that  in  the  case  of  precipitation,  the 
cloud  LWC  will  be  that  portion  to  the  lert  of  the  nonprecipitating  curve  whero 
precipitation  will  be  the  remainder  of  the  total.  LWC, 

Subsequent  to  Feddos'  study,  the  data  developed  by  Blau,  et  al  [2]  from  the 
numerous  flights  by  the  NASA  Convalr  990  aircraft  were  obtained  and  eveluated. 
These  data  differ  from  those  in  the  previously  described  evaluation  in  that  the 
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Figure  4.  Profile  of  Percent  of  LWC  with  Height  Above  Cloud  Base  for 
Cloud  Indicated. 


Table  5-  Maximum  Liquid  Water  Content  (LWC)  that  can  be  Expected  in  Cloud 
Types  Given  in  the  Temperature  Range  Indicated. 
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NASA  lnfonaatlon  constated  of  measurements  made  by  the  eaae  instrument  us In*  the 
name  techniques  In  various  types  of  clouds.  Liquid  water  content  measurements 
■usds  by  these  researchers  verified  the  information  of  the  avera*e  values  for 
various  cloud  types  previously  discussed  and  given  in  Tables  i,  ?,  and  3.  Suf¬ 
ficient  measurements  did  not  exist  for  clouds  other  than  cumulus  to  give  varia¬ 
tions  ulth  temperature  and  height . 

SECTION  B  —  THERMS  DYNAMICS  OF  FRASE  CHANGES 

I 

1.  Prior  Research. 

Many  cloud  physicists  have  contributed  to  the  study  of  the  thermodynamics 
of  phase  changes  of  water  in  clouds.  Byers  [3]  and  Khrglan  [12]  have  covered 
the  subject  well  and  Byers  deals  extensively  with  the  microphyslco  of  ice  forma¬ 
tion  in  clouds.  He  points  out  the  importance  of  considering  phase  changes  from 
vapor  to  solid  as  well  as  liquid  to  solid.' 

Hess  [9]  reviews  the  physics  of  latent  heat  release  that  results  from  the 
change  of  phane  Trom  liquid  to  solid  and  vapor  to  solid.  He  also  points  out  the 
Importance  of  these  heat  sources  in  cloud  dynamics. 

Byers  [3]  reviews  the  principle  that  for  the  same  temperature,  the  vapor 
pressure  over  let  is  less  than  that  over  water,  and  therefore,  in  a  mixed  and 
supersaturated  water-ice. environment,  ice  crystals  will  grow  at  the  expense  of 
water  droplets.  He  also  points  out  that  under  laboratory  conditions,  supercooled 
water  has  been  observed  down  to  temperatures  or  -40*C.  Tills  factor  establishes 
a  transition  zone  where  both  liquid  and  solid  water  are  found  in  the  atmosphere. 
!<Mr.ure  %  from  Khrglan  [12],  shows  the  results  of  observations  made  in  Russia 
delineating  the  temperature  where  various  mixtures  or  ice  and  watei  "louds  are 
found.  This  condition  applies  to  those  clouds  which  arc  primarily  liquid  clouds 
since  cirrus  clouds  are,  by  definition,  compooed  of  ice  crystals. 


Figure  5-  Average  Frequencies  of  Ap¬ 
pearance  of  the  Supercooled  and  Mixed 
Phases  over  Russia  [12]. 

1  -  liquid  and  mixed  clouds  together 

2  -  liquid  clouds  (after  A.  M.  Boro¬ 

vikov  and  L.  Q.  Sakhno) 

3  -  liquid  clouds  (after  Peppier) 


2.  Determination  Technique . 

The  technique  used  to  specify  thermodynamic  pitase  in  clouds  is  based  on  tem¬ 
perature  and  cloud  type.  Specifically,  it  is  baaed  on  Figure  5  where  the  amount 
of  liquid  water  is  the  percent  of  cloud  water  defined  by  the  relationship 
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*  LVC  -  -  2.5  (233-T) 
where  T  Is  expressed  in  degrees  Kelvin. 

SECTION  C  —  DROP-ST2E  DISTRIBUTION 

1.  Initial  Distribution. 

The  initial  distribution  of  droplets  at  condensation  will  depend  strongly 
on  the  type  and  number  of  condensation  nuclei  present.  If  there  are  no  hygro¬ 
scopic  particles  available,  condensation  will  depend  on  spontaneous  formation 
of  the  embryonic  droplets. 

a.  Homogeneous  Nucleatlon.  Homogeneous  nuclcatlon  occurs  when  the  random 
motion  of  water  vapor  molecules  in  &  highly  supersaturated  environment  results 
in  collisions  that  produce  water  droplets.  Because  the  degree  of  supersatura- 
tlon  required  (200£  to  800£  relative  humidity)  is  so  high,  its  occurrence  in  the 
atmosphere  is  unlikely  and,  therefore,  of  little  importance  in  the  determination 
of  LWC. 

b.  Heterogeneous  Nucleatlon.  The  condensation  of  vapor  onto  hygroscopic 
particles  was  discussed  previously.  In  this  type  process  the  initial  distribu¬ 
tion  of  the  droplets  will  be  strongly  influenced  by  the  distribution  or  the  Con¬ 
densation  nuclei.  A  number  of  researchers  have  made  measurements  of  the  size 
and  concentration  of  condensation  nuclei.  Byers  [3],  Mason  [17],  and  Khrgian 
[12]  have  summarized  the  occurrence  and  physical  properties  of  theise  nuclei  as 
they  occur  over  land  and  sea.  They  review  the  observation  that  nuclei  from 
marine  environments  are  larger  but  less  numerous  than  nuclei  from  continental 
areas. 

Prom  the  earlier  discussion  of  the  rate  of  growth  of  various-sized  droplets, 
the  initial  distribution  of  condensation  nuclei  will  largely  determine  the  Blze 
distribution  of  subsequently-formed  drops  as  well  as  the  rate  of  Increase  of 
liquid  water  content.  Evaluation  of  how  the  initial  distribution  changes  with 
time  will  require  discussion  of  the  factors  which  change  the  distribution. 

2.  Change  in  Drop-Size  Distribution. 

Three  processes  have  been  identified  by  most  researchers  ss  the  ones  which 
change  drop-size  distribution.  They  are  diffusion,  coalescence,  and  collection. 
Each  will  be  discussed  separately. 

a.  Diffusion.  The  process  of  diffusion  consists  of  a  net  flux  of  water 
vapor  to  previously -formed  droplets.  Thia  flux  is  a  result  of  the  difference 
between  the  vapor  pressure  of  the  air  and  vapor  pressure  of  the  droplets.  As 
discussed  earlier,  the  smaller  the  droplet,  the  higher  its  vapor  pressure;  how¬ 
ever,  as  discussed  by  Byers  [3],  this  radius-dependent  effect  becomes  insignifi¬ 
cant  as  the  droplet  radius  increases  and  the  vapor  pressure  of  a  large  droplet 
approaches  that  of  a  plane  water  svrface. 
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Figure  6.  Initial  and 
Pinal  Distribution*  of 
Particle  and  Droplet  Sicee 
as  Confuted  by  Nordy  (1959) 
(points  marked  x)  and  by 
Heiburgar  and  Chien  (I960) 
(points  with  heavy  dote). 
The  dashed  arrows  connect 
initial  with  final  sites, 
(from  Byers  [3]) 
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The  aass  accretion  by  diffusion  "  •" ,  v'  ;VI  ""  r"  "■ 

therefore „  depends  on  the  available 
droplet  surface;  hence,  the  number 

and  size  of  the  drops.  By  thl  proc  size  Distribution  with  Time  Ac¬ 
me  the  latter  drops  will  acquire  cording  to  the  Theory  of  Cooles- 

mo re  mass)  however,  the  relative  cencel23*J- 

growth  of  the  smaller  droplets  will 

be  faster  than  the  larger  drops.  The  effects  of  diffusion  will  tend  to  narrow 
the  spectrum  of  drop-slse  distribution  and  move  tha  peak  toward  the  larger  radii. 
This  process  is  shown  graphically  by  Pigure  6  taken  from  Byere  [3]. 

b.  Coalescence .  Coalescence  or  uoagulation  of  droplets  is  the  process  where¬ 
by  droplets  moving  through  the  air  by  turbulent  motions  collide  and  adhere  to 
form  larger  droplets.  Thus,  it  is  apparent  that  coagulation  depends  on  the  num¬ 
ber  density  of  droplets.  The  higher  the  concentration,  the  faster  the  coagula¬ 
tion  prooeeds.  Pram  this  standpoint  also,  for  a  particular  IMC,  ths  smaller  the 
mean  droplet  radius,  ths  higher  the  concentration,  therefore,  the  faster  the 
coagulation  rate. 


Figure  7.  Evolution  of  Droplet- 
Size  Distribution  with  Timm  Ac¬ 
cording  to  the  Theory  of  Coales¬ 
cence  [23*)- 
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Byers  (3]  and  Meson  [17]  report  that  research  work  has  shown  that  coales¬ 
cence  la  aora  frequent  aaong  drops  of  dlffarant  alsea  than  smog  equal  alsa 
drops.  However,  in  this  report,  differentiation  mat  be  aade  between  coalescence 
end  collection,  which  will  be  discussed  in  the  next  paragraph.  The  effect  of 
coalescence  on  the  distribution  of  droplets  Is  a  broadening  of  the  spectma  by 
the  creation  of  droplets  larger  than  those  found  In  the  initial  distribution  as 
well  as  a  shift  of  the  peak  of  distribution  to  larger  radii.  This  is  typified 
by  Figure  7  shown  on  the  previous  page  (after  Martha*  [23s]). 

c.  Collection.  Collection  of  droplets  is  the  process  where  the  differen¬ 
tial  notion  of  large  and  snail  drope  cause  larger  drops  to  sweep  up  and  accuau- 
late  the  aass  of  saallsr  droplets.  This  process  exists  only  in  ths  case  where 
there  is  a  variation  In  droplet  notion.  This  occurs  where  droplets  develop 
differential  vertical  notions  due  to  gravity  or  horlsontal  notion  due  to  "forp" 
drag. 


Figure  8.  Collision  Efficiencies.  Collecting-drop  radii  are  indi¬ 
cated  on  the  abscissa.  Radii  of  the  collected  droplets  are  indicated 
by  the  curves.  [3] 


Collection  is  a  complicated  process,  and  it  has  been  studied  prloarily  under 
experlnental  conditions.  Collection  efficiency  is  defined  as  the  fraction  of 
the  droplets  in  the  path  of  a  collector  drop  that  collide  with  the  collector. 
Figure  8  shows  the  collision  efficiencies  for  various  collector  end  collected 
drop  sixes.  Fractious  greater  than  1.0  occur  because  of  the  capture  of  drop¬ 
lets  in  the  wake  of  the  collectors  that  have  a  collision  efficiency  greater 
than  0.75. 
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ttM  eollaetlon  efficiency  la  daflnad  aa  tha  product  of  tha  colliaion  affi- 
olaney  and  tha  coalaacanca  afflclancy.  coalaacanca  efficiency  la  tha  fraction 
of  tha  dropa  that  art  capturad  fay  the  collactor  drop  after  colliaion.  In 
Pleura  8,  the  coalaacanca  efficiency  ia  assumed  to  be  unity,  aa  is  the  usual 
case  in  the  ataosphere  in  tha  presence  of  negligible  electric  fielda.  Experi¬ 
ments  have  shown  that  atmospheric  electrical  fields,  such  aa  occur  in  thunder- 
stoma,  can  significantly  enhance  coalescence  efficiencies. 

3*  Predominant  Distribution-Change  Mechanisms. 

The  process  which  altars  tha  drop-aise  distribution  in  tha  ataosphere  la 
aada  up  of  all  three  of  the  previously-described  changes.  All  three  can  logi¬ 
cally  be  expected  to  be  operating  at  the  eame  tine  under  most  conditions;  how¬ 
ever,  each  will  predominate  at  certain  times  and  during  particular  ituationa. 

a.  Condensation.  During  rapid  condensation  and  droplet  growth,  the  pre¬ 
dominant  mode  of  distribution  change  Is  diffualon.  If  condensation  has  only 
recently  begun  in  an  area,  most  of  the  droplet*  will  be  small,  depending,  as  has 
been  noted,  on  the  else  of  the  available  condensation  nuclei.  During  this  time 
droplets  have  not  grown  to  sufficient  size  for  coalescence  to  be  effective. 

An  the  clouds  become  older,  the  droplets  reach  the  size  where  the  coalescence 

process  predominates  until  evaporation  beglnn. 

\ 

fa.  Stable  Clouds,  stable  clouds  are  those  clouds  that  exhibit  a  slow  rate 
of  change  In  character.  .Ah  an  example,  stratus  clouds  are  considered  stable  as 
opposed  to  the.  cumulus  type  that  are  quite  dynamic  in  change  of  overall  size  of 
the  cloud  and  asnunt  of  their  LHC.  The  process  of  coalescence  is  predominant 
fn  stratiform  clouds  due  to  an  absence  of  strong  motions,  particularly  vertical. 
Figure  9>  from  Byers  [3],  gives  an  excellent  example  of  the  difference  in  drop¬ 
let  distribution  in  stratus  clouds  with  varying  degrees  of  motion.  Cloude  with 
the  weaker  motion  have  a  broader  spectrum  which  has  been  developed  by  diffusion 
and  coalescence  and  shows  the  peak  or  distribution  at  the  larger  radii.  The 
peak  of  the  distribution  in  the  cloud  with  the  stronger  motion  tend*  to  appear 
near  the  radius  of  the  drops  that  are  the  most  efficient  collectors. 

Figure  10,  taken  from  Byers  [3]»  shows  the  effects  of'  motion  on  drop-size 
distribution.  Hote  that  the  majority  of  the  droplets  in  the  radiation  fog  are 
at  the  smaller  radii,  while  for  the  advection  fog,  the  distribution  peak  la  at 
the  larger  radii.  This  shift  in  the  drop-size  distribution  occurs  as  a  result 
of  enhanced  collection  with  increased  air  motion. 

c.  Strong  Vertical  Motion.  The  effects  of  strong  vertical  motion  can  beat 
be  described  by  predominance  of  the  collection  process.  This  process,  relative 
to  that  in  stable  clouds,  lu  exhibited  in  Figure  11,  from  Diem  [7].  Note  that 
the  clouds  with  stronger  vertical  motion  have  their  peaks  at  larger  radii  than 
those  with  weaker  motions;  whereas,  the  more  stable  clouds  have  generally 
broader  spectra. 
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Figure  9>  Sis#  Distribution  of 
Droplets  In  Nonprecipitating 
Stratus  Cloud  as  Measured  by 
Pedersen  and  Tod»en  (i960)  at 
900  a  above  Sea  Level  In  Norway, 
(after  Byers  [3]) 


Figure  11.  The  Mean  Droplet- 
Sice  Distributions  of  Various 
Cloud  Types  [7]. 
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Figure  10.  Size  Distribution  of 
Droplets  in  Fog  as  Measured  by 
Pedersen  and  Todaen  (I960)  in 
Norway,  (after  Byers  ( 3 ] ) 
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figure  IS.  The  Average  Sice  Dis¬ 
tribution  of  Ail  Sample*  Taken  at 
Three  Different  Levels  In  a  Cumu¬ 
lus  Cloud  Based  at  1200  si  and  with 
Tops  ~  2600  a  [20]. 


As  the  caption  of  Figure  11 
Atatesi  these  are  representation* 
of  mean  distributions.  This  fact 
can  be  misleading  if  the  varlabil 
Lty  or  distribution  within  the 
cloud  is  not  fully  appreciated. 


Figure  13.  The  Droplet-Sice  Distribu¬ 
tion,  Liquid  Water  Content,  and  Droplet 
Concentration  as  Functions  of  Height  in 
a  Cumulus  Conge stus  [25) . 


Figure  12  (taken  from  Warner  [SO])  shows  the  variation  with  height  of  drop 
sizes  through  a  cumulus.  Hots  that  with  increasing  height  of  the  cloud,  the 
distribution  of  drop  sizes  broadens  as  ths  peak  droplet  sice  shifts  to  larger 
diameters.  Tike  shift  of  peak  droplet  size  occurs  because  of  enhanced  coales¬ 
cence  and  collection  due  to  the  longer  path  travelled  by  ths  majority  of  drop¬ 
lets  at  the  upper  portions  of  the  cloud.  The  broadening  of  the  drop-size  dis¬ 
tribution  occurs  because  of  Increasing  entrainment  toward  the  top  of  the  grow¬ 
ing  cunuLua . 

Figure  13,  from  Zaitsev  [25],  also  is  a  good  representation  of  the  variation 
of  distribution  and  LVC  In  cumulus  congestus.  The  motion  of  ths  air,  which 
generally  variss  from  the  motion  of  ths  liquid  water  due  to  "fora  drag"  and 
weight  of  the  water,  causes  this  configuration.  Tt te  distribution  of  LWC  and 
drop-size  distribution  in  cuaulus  deptnds  strongly  on  the  pattern  and  magnitude 
of  the  internal  wind  system  of  ths  cloud. 

4,  Evaluation  of  Available  Data. 

Evaluation  of  the  NASA  data  discussed  by  Blau  et  al  [2]  generally  substan¬ 
tiated  the  mean  curves  found  Ik  Mason  [17]  and  shown  in  Figure  11.  The  one 
significant  variation  was  found  In  ths  drop-size  distribution  of  stratus  clouds. 
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Similar  flight*  in  maritime  stratus  at  approximately  the  iim  temperature  and 
altitude  exhibited  widely  varying  drop-eie*  distribution*.  These  variation* 
are  shown  in  Figure  14.  it  1*  likely  that  the  variation*  were  due  to  the  dif¬ 
ferent  age*  of  the  clouds  sampled.  Based  on  the  theory  of  coalescence ,  the 
cloud  stixpled  in  Flight  1  was  the  oldest.  Thi*  again  point*  out  that,  even  In 
stable  stratiform  clot  Si;.  .ubetantlal  variations  from  the  mean  can  be  found. 


Radius  (In  micrometers) 


Figure  14.  Variations  in  Drop-Size  Dictributlon  of  Stratus 
Cloud . 


a-Slze  Distribution  Determination  Technique. 


Based  primarily  on  the  information  obtained  from  evaluation  of  drop-size 
distribution  from  TU.au  et  al  [2],  the  mean  curve*  of  percent  of  LHC  per  radius 
of  differing  cloud  types,  as  nhown  in  Figure  15  from  Diem  [7]*  are  the  best 
mathod  for  »peoil'ying  drop-size  distribution.  The  drop-site  distribution  for 
varying  cloud  types  proved  to  be  of  little  value  as  a  tool  for  determining  LHC. 


Specifically,  the  drop-size  distribution  is  determined  through  the  follow 
ing  equation  uaing  the  value  of  LHC  at  each  radius 


t  LUC  m  A  (r  -  B) 


A  and  B  are  constants  for  particular  cloud  types,  while  r  le  the  drop  radlue  in 
micrometers.  These  constants  were  derived  from  the  curves  in  Figure  15 »  except 
for  cirrus,  snd  are  given  in  Table  6.  The  values  for  cirrus  were  derived  from 
the  data  from  the  NASA  measurements  reported  by  Blau  et  al  [2]. 
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Table  6.  Cloud  DSD 

Parameters. 

AM  3 Baa 

t 

B 

Cumulus 

45/  8 

2 

Cumulus  Congestus 

25/  9 

4 

Ctraiooumulus 

60/11 

2 

Altoatratus 

30/  7 

3 

Nisibostratua 

54/19 

5 

Stratus 

30/11 

6 

Cirrus 

48/  5 

8 

Figure  19.  The  Contribution  Made  by  Drop¬ 
let*  of  Various  Sizes  to  the  Liquid  Water 
Content  of  Different  Types  cf  Cloud  (7). 


The  drop-s^ce  distribution  for  precipitation,  as  discussed  by  Kessler  [10), 
can  be  found  from  the  relationship 


N(r) 


20  [exp 


[-4.744 

'  /  V  I  . 


r  X  10" 
(LWC F*’" 


•)] 


where 


r  »  drop  radius  in  microns 


LWC  ■  liquid  water  content  in  g/m* 

N(r)  »  number  of  drops  per  ma  per  micron  radius  interval 

fi*  2S2EMX.- 

Atmospheric  moisture  has  a  significant  impact  on  all  types  of  equipment  and 
instrumentation  that  operates  in  and  above  the  earth's  atmosphere.  This  report 
has  traced  the  development  of  theoretical  and  empirical  methods  to  measure  this 
atmospheric  moisture  in  the  liquid  and  solid  state.  The  relationships  developed 
for  moisture  pararasterisatlon  produce  a  beet  estimate  of  liquid  and  solid  water 
at  a  point  in  time  and  space.  These  parameterization*  will  be  utilized  exten¬ 
sively  in  modelling  the  distribution  of  atmospheric  moisture  by  applying  neph- 
analysls  and  the  more  conventional  parameters  from  real  time  and  historic 
three-dimensional  data  bases. 
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LIST  OP  SYMBOLS 

Drop-size  distribution  parameter 
Drop-size  distribution  minimum  radius 
Latent  heat  of  vaporization 
Molecular  weight  of  water  vapor 
Number  density  per  radius 
Total  pressure 

Partial  pressure  of  1th  constituent 

Saturation  vapor  pressure 

Specific,  humidity 

Universal  gas  constant 

Drop  radius 

Temperature 


W  Liquid  water  content 

w  Adiabatic  liquid  water  content 

ft 

a  Specific  volume 

p  Density  of  the  air 


January  1374 


U8AFBTAC  T*  74-1 


Wumbcr 

73-1 

73-2 

73-3 

73-4 

73-5 

73- 6 

74- 1 


LIST  OP  USAFETAC  TECHNICAL  MOTES 


Title 

Interim  Inatruetiona  for  the  Use  of  Air  Stagnation  Weather 
Charts  and  Maaaages  (AWS  distribution  only) 

The  ooheltree  Tornado,  A  Case  Study 

Listing  of  Sealnare  Available  at  Hq  AWS,  AWS  Wings,  and 
APOWC  (AWS  distribution  only)  (AD-757543) 

USAFETAC  Refractive  Index  Gradient  Summaries  (AD-762501) 

Short-Range  Weather  Poreoastingi  Recent  Developments  in  Air 
Weather  Service,  Suggested  Techniques  (AWS  distribution 
only) 

A  Resunrf  on  the  State  of  the  Art  for  Snow  Forecasting 
(AD-767214) 

Atmospheric  Moisture  ParameterUatlon  (AD-  ) 


M2. 

Jan  73 

Mar  73 
Mar  73 

Apr  73 
May  73 

Jul  73 
Jan  T4 


